Introduction {#sec1}
============

In many areas of process engineering such as pharmaceutical or food technology industry powders are manipulated in big containers. The flowability of granular dry powders is usually prone to strong shear stresses, which depend on particle shape, particle roughness, adsorbates or chemical impurities on the particle surfaces, and plastic or elastic deformations in the particle surface layers. A principal understanding of the particle interactions on the microscopical scale can help to figure out the causes of the shear stresses to use this knowledge to reduce them. In this paper ultrafine powders in the nanometers range consisting of amorphous silica spheres were studied. Because of the high hydrophilicity of the material, under ambient conditions water vapor is the most frequent chemi- and physisorbed substance on the amorphous silica surface. Moisture drastically changes the adhesion between silica particles, leading to agglomeration of particles into large clusters, thereby hindering the flowability of powders in process containers which is considered undesirable. Hence, it is essential to study particle adhesion for varying relative humidity.

For macroscopic bodies continuum theories based on the Young--Laplace and Kelvin equation are conventionally used to describe the capillary force which originates from liquid bridges that form between the particles by the condensation of water vapor from the atmosphere. The Young--Laplace equation assumes that capillary pressure and surface tension can be defined by two principal radii giving the curvature of the meniscus, while the Kelvin equation requires that the liquid behaves like a continuum on the length scales of the so-called Kelvin length (0.52 nm for water). Over the years the standard equations have been further developed by many groups to account for surface roughness and chemical composition: Rabinovich et al.^[@ref1]^ developed a model to calculate adhesion forces between a particle and a plane with nanoroughness. Butt^[@ref2]^ and Fashchi-Tabrizo et al.^[@ref3]^ presented an analytical model for the adhesion forces between rough particles. Moreover, Butt and Kappl^[@ref4]^ as well as Efremov et al.^[@ref5]^ gave extended reviews of the theoretical treatment of capillary forces along with AFM measurements. Pakarinen et al.^[@ref6]^ numerically calculated the exact meniscus profile between smooth nanoparticles from the Kelvin equation, demonstrating that the standard equations are only applicable for particles larger than 1 μm. Many theories assume that the particle radius or the horizontal extent of the contact area is much larger than the curvature radius of the liquid bridge. Moreover, line tensions caused by the shrinkage or expansion of the liquid meniscus normally not accounted for by many theories are typically in the range of 1 nN like the capillary forces of nanoparticles themselves; i.e., they are not negligible. Because of the introduced approximations in macroscopic theories, they can fail to predict the correct adhesion forces, especially when either the particles themselves or the surface roughness of larger particles are on the nanometer scale. This is especially problematic at low relative humidity when the surfaces are partly wetted by water; then the liquid film is not able to fill the whole contact area between the particles, but rather the water meniscus appears where surface asperities on the particles which are usually on the nanometers scale approach each other. Since gravitational forces play no role for nanoparticle interaction which is dominated by van der Waals and Coulomb forces, the smallness of the investigated particles together with the requirement to determine highly accurate adhesion forces predestines the system for molecular dynamic simulations.

To our knowledge the calculation of capillary forces between realistic silica particles has not yet been done by molecular simulation techniques. However, the wetting of crystalline silica plates applying molecular dynamic simulations has been studied by Berendsen and co-workers,^[@ref7]^ who looked at the qualitative agreement of their calculated capillary forces with surface tension forces deduced from macroscopic relations. Cole et al.^[@ref8]^ have carried out molecular dynamic simulations aiming to determine realistic adhesion energies of amorphous silica wafers in dependence of a predefined amount of adsorbed water. Conventionally the Grand Canonical Monte Carlo (GCMC) molecular simulation approach^[@ref9]^ is used to study the behavior of particles under ambient atmosphere. Shinto et al.^[@ref10]^ and Jang et al.^[@ref11]^ used GCMC to simulate force versus distance curves of a humid hydrophilic nanoparticle close to a wall applying simple Lennard-Jones interactions to study the influence of varying hydrophilicity on the adhesion forces. Puibasset and Pellenq^[@ref12]^ have calculated adsorption isotherms for water on different faces of β-cristobalite; moreover, they studied the filling of hydrophilic mesopores^[@ref13]^ using GCMC. Moreover, Ramachandran et al.^[@ref14]^ applied GCMC to calculate adsorption isotherms for conventional water models in silicalite pores, Desbien et al.^[@ref15]^ did the same for zeolite, and Shirono et al.^[@ref16]^ investigated the phase behavior of confined water in silica nanopores. Moreover, Kim et al.^[@ref17]^ have studies the water meniscus formation between an AFM tip and a surface using GCMC simulations. In one of our most recent papers^[@ref18]^ we calculated the forces between silica plates in dependence of the relative humidity applying GCMC simulations, and now we want to adopt the approach for the investigation of humid silica particles.

Amorphous silica has the advantage that it is a well examined substrate. Zhuravlev^[@ref19]^ has given a detailed description of the chemistry of amorphous silica, defining a maximal number of hydroxyl groups on the surface and categorizing them into subgroups according to their chemical reactivity with water molecules. Gösele and Tong^[@ref20]^ have determined surface energies for silica wafer bonding under moist and dry conditions condensing the surface hydroxyls to water, thereby establishing siloxane bonds across the interface. Crack measurements have been done by McKitterick and co-workers.^[@ref21]^ Adhesion energies of contacting silica surfaces exposed to different relative humidity applying crack and atomic force microscopy (AFM) measurements have been proposed by Wan et al.,^[@ref22]^ by Michalske et al.,^[@ref23]^ and by Chikazawa and co-workers,^[@ref24],[@ref25]^ who moreover have given adsorption isotherms for water on silica particles with varying silanol density. Lahtinen and co-workers, Butt, Rabinovich et al., and Fashchi-Tabrizi et al.^[@ref1]−[@ref3],[@ref26]^ have measured pull-off forces of silica particles on walls in dependence of relative humidity applying AFM.

To produce force over distance curves of realistic silica nanoparticles, the choice of the atomic interaction potentials is crucial. In the current study the model of Goddard and co-workers^[@ref27]^ was chosen to describe the silicon oxide interactions. It is based on a simple Morse-type short-range potential including the long-range electrostatic interactions via a Coulomb term. Despite its simplicity, it reproduces the amorphous silica structure very accurately and moreover predicts the correct crystal-glass transition temperature. For the water--silica interface we decided to use the conventional Clay force field^[@ref28]^ which has shown^[@ref18]^ a reasonably well described hydrogen-bond network on the silica surface as well as adhesion energies in agreement with experiments.

The paper is organized as follows: First, the simulation details and the creation of the silica nanoparticles are described. This is followed by the results and discussion section where simulated adsorption isotherms, force--distance curves, and pull-off forces in dependence of the relative humidity are presented in comparison to experiments,^[@ref1],[@ref22],[@ref24]−[@ref26]^ theories,^[@ref2],[@ref3]^ and simulations.^[@ref10],[@ref11],[@ref18]^ The comparisons are criticaly discussed in the concluding remarks.

Methods {#sec2}
=======

Creation of the Silica Particles {#sec2.1}
--------------------------------

The silica particles with a diameter of 4 nm are cut out of an amorphous bulk which was created as described in a former paper^[@ref18]^ using the silica potential developed by Demiralp et al.^[@ref27]^ The particles were then annealed for 100 ps at 300 K to reduce the number of dangling bonds on the freshly cleaved surfaces. The structures in terms of radial pair distribution functions and angle distribution functions agree very well with the ones found by Hoang^[@ref29]^ applying the same silica potential. Also, the atomic coordination numbers of silicon and oxide as well as the fraction of silicon and oxide atoms on the surface found in over-, under-, or chemically saturated coordination match well with the values given in ref ([@ref29]).

To receive a silanol density of 4.2/nm^2^ on the surface of the nanoparticles, siloxane bonds (so-called bridging oxygens) have been randomly broken. According to Zhuravlev's model^[@ref19]^ describing the surface chemistry of amorphous silica, the silanol density ranges from 2.6 to 4.6/nm^2^, where the silanol groups can be divided into isolated (single silanols), geminal (two hydroxyl groups per silicon), and vicinal or bridged hydroxyl (OH) groups. For a hydroxyl density of 3.55/nm^2^ on silica at room temperature, Zhuravlev has found a portion of isolated, geminal, and vicinal silanols of 0.46, 0.14, and 0.40, respectively, in good agreement with our created particles which can be seen on the left in Figure [1](#fig1){ref-type="fig"}.

Simulation Details {#sec2.2}
------------------

The simulations have been carried out using the open source parallel code LAMMPS.^[@ref30],[@ref31]^

The Clay force field^[@ref28]^ along with the SPC water model was chosen to describe the water--silica and water--water interactions. Although the Clay force field was parametrized for bulk water only and not for its liquid--vapor interface treated in this work, it was shown in a previous paper^[@ref18]^ that the water-mediated interactions are able to reproduce measured surface energies of silica wafers given by experiments of Wan et al.^[@ref22]^ Moreover, we showed^[@ref18]^ that the hydrogen bond structure of water on silica is reasonably well described in comparison to nuclear magnetic resonance measurement^[@ref32]^ and ab initio calculations.^[@ref33]^ Thus, the Clay force field with the parameters given in Table [1](#tbl1){ref-type="other"} was applied here to study humidity-induced interactions of silica nanoparticles.

For the Lennard-Jones interactions the standard Lorentz--Berthelot combining rules were used for unlike pairs, where the cutoff was set to 10 Å. The long-range electrostatic interactions have been accounted for applying the particle--particle particle-mesh solver,^[@ref34]^ which is faster than the traditional Ewald summation. The equations of motion are integrated using the velocity-Verlet algorithm with an integration step of 2 fs. All hydrogen bonds and angles have been frozen, applying the SHAKE algorithm.^[@ref35]^

Since for the Clay force field the parameters for bond stretching and angle bending interactions are only defined for silanol O~s~--H~s~ bonds and Si--O~s~--H~s~ angles, the remaining bond and angle parameters in Table [2](#tbl2){ref-type="other"} were taken from the CWCA force field.^[@ref36]^ In the course of the simulations the bulk of the particles was kept rigid; only the silanol groups were allowed to move.

###### Nonbonded Force Field Parameters for the Clay Force Field^[@ref33]^ [a](#tbl1-fn1){ref-type="table-fn"}

         *q*      σ \[Å\]   ε \[kcal/mol\]
  ------ -------- --------- ----------------
  O~h~   --0.95   3.1655    0.1554
  H~h~   0.425    0.0       0.0
  Si     2.1      3.302     1.84 × 10^--6^
  O~b~   --1.05   3.1655    0.1554
  O~w~   --0.82   3.1655    0.1554
  H~w~   0.41     0.0       0.0

*U*~*ij*~^LJ^ = 4ε~*ij*~\[(σ~*ij*~/*r*~*ij*~)^12^ -- (σ~*ij*~/*r*~*ij*~)^6^\], *U*~*ij*~^Coul^ = *q*~*i*~*q*~*j*~/4πε*r*~*ij*~. The subscripts b, h, and w stand for bridging oxygens and for atoms part of hydroxyls and water, respectively.

In the presence of water vapor in the surrounding atmosphere a certain amount of water molecules is chemisorbed (silanol groups) and physisorbed (hydrogen bonded) on the silica surface. The number of adsorbed water molecules changes in dependence of the air's relative water-vapor pressure *P*/*P*~0~ (relative humidity) with *P*~0~ = 0.044 bar^[@ref18]^ the saturation water-vapor pressure of SPC water and in dependence of the particle separation. To model silica particles under ambient conditions, the grand canonical ensemble is applied since it allows fluctuations in the number of water molecules during the simulation. Along with the grand canonical ensemble the inhomogenous phase given by the adsorbed water molecules on the silica surfaces is in equilibrium with an infinite reservoir of water vapor molecules, imposing its chemical potential and temperature. The saturation pressure of water is extremely low such that only a few water molecules are present in the gas phase of the simulation box; most of them are physically adsorbed on the particle surface. The chemical potential is directly related to the pressure of the surrounding gas phase,^[@ref18]^ such that with the choice of a fixed chemical potential a constant water-vapor pressure and with that a constant relative humidity is set, where the relation between chemical potential and water-vapor pressure was determined in a former publication.^[@ref18]^

###### Bond Stretching and Angle Bending Parameters for the Clay Force Field^[@ref28],[@ref36],[@ref37]^ [a](#tbl2-fn1){ref-type="table-fn"}

  bonds        *K*~b~   *R*~0~   angles             *K*~a~   *r*~0~
  ------------ -------- -------- ------------------ -------- --------
  Si--O~b~     885.10   1.61     O~b~--Si--O~h~     153.26   111.09
  Si--O~h~     428.0    1.61     O~h~--Si--O~h~     89.62    116.26
  O~h~--H~h~   554.13   1.0      Si--O~h~--H~h~     30.5     109.47
  O~w~--H~w~   554.13   1.0      H~w~--O~w~--H~w~   45.76    109.47

The bond and angle functions are harmonic with *K*~b~ the force constant in kcal/(mol Å^2^) and *R*~0~ the equilibrium distance in Å, *K*~a~ the force constant in kcal/(mol rad^2^), and *r*~0~ the equilibrium angle in degrees.

At the beginning of the simulations a single silica particle was completely dissolved in bulk water to establish an equilibrated water profile from which the number of water molecules adsorbed in the first monolayer (ML) could be deduced. The simulations treating the dissolved particle have been carried out in the isothermal, isobaric (*NPT*) ensemble^[@ref38]^ for 1 ns at a temperature of 300 K and a pressure of 1 bar, to allow for the adjustment of the simulation box dimensions.

The wetted silica particles were then prepared by removing water molecules from the box of the dissolved particle configuration, leaving only those that form the appropriate portions of water ML around the particles given by the adsorption isotherm corresponding to the selected relative humidity. The adsorption isotherm of SPC water on a single silica particle was calculated applying Grand Canonical Monte Carlo (GCMC) simulations which consisted of at least 600 000 cycles for equilibration followed by a production run of a further 300 000 cycles to deduce the ensemble average for the number of water molecules. At each cycle *N* particle displacement, rotation, insertion, and deletion attempts have been executed, where *N* corresponds to the number of water molecules in the simulation box.

When two humid silica particles were brought into closer contact for the force calculations, capillary condensation set in and the number of water molecules were allowed to adjust for at least 600 000 cycles for each selected particle--particle distance. To measure the forces in dependence of particle distance and relative humidity, the silica particles are kept at fixed center of mass distances with respect to each other along the *z*-axis. The simulations started at a center-of-mass distance of around 70 Å, which was successively reduced by 0.5 Å until the repulsive forces onto the silica particles became dominant. After a stable water meniscus and a constant water molecule number has been established the simulations were continued in the canonical ensemble to save computation time during the collection of the forces, where at each constant distance the system is equilibrated for 1 ns, followed by a production run of 3 ns to collect the center-of-mass forces onto each silica particle.

The mean forceacting between particles A and B at a certain center-of-mass separation along the *z*-axis is deduced by an arithmetic average over the total center of mass forces *F⃗*~A~ and *F⃗*~B~ collected at the single simulation steps.^[@ref18]^ Assuming ergodicity, the arithmetic average corresponds to the canonical ensemble average denoted by the ⟨ ⟩ in eq [1](#eq1){ref-type="disp-formula"}.

To keep the simulation box at a reasonable small size, preserving the performance of the MPI simulations, reflecting hard walls were established perpendicular to the *z*-axis, each wall 30 Å away from the surface of the closest particle. Thus, the long-range electrostatic interactions have been treaded in the slab configuration, i.e., periodic in the *x*, *y* direction and nonperiodic with respect to *z*.

Results and Discussion {#sec3}
======================

On the right in Figure [1](#fig1){ref-type="fig"} the water density profile around a dissolved amorphous silica particle is depicted. To clarify the onset of bulk silica indicated by the vertical line, the number densities of its atomic contributions are given in the same figure. The origin of the coordinate system has been shifted along the *r*-axis in the following figures depicting the particle forces, such that it coincides with the surface of the first silica particle. As a consequence of the surface roughness of about 2 Å, on the amorphous particle the first water density peak is hardly elevated with respect to the bulk water density. Counting all the water molecules from the interior of the particle to the first minimum in the water density profile in Figure [1](#fig1){ref-type="fig"} gives a number of water molecules in the first ML of 9.95/nm^2^ (compared to the number of 9.6/nm^2^ found for a silica plate^[@ref18]^ with an OH density of 3/nm^2^). Water molecules are able to penetrate the silica surface up to 3 Å, which could explain the higher number of water molecules in the first monolayer in comparison to early assumptions of 9.52 water molecules/nm^2^ made in ref ([@ref39]) for the quartz surface.

![Left: created 4 nm silica particle with silanol density of 4.2/nm^2^. Right: number density plot of water on the silica particle, where the vertical line indicates the onset of bulk silica.](la-2013-02002f_0002){#fig1}

![Left: adsorption isotherm of the silica particle with OH density of 4.2/nm^2^ in comparison to experiments^[@ref24],[@ref25]^ (OH density of 4.6 and 5.8/nm^2^) and simulations^[@ref12]^ (OH density of 7.0/nm^2^). Right: isosteric heat of adsorption for the nanosphere, in comparison to simulations^[@ref12]^ on Vycor and an amorphous plane.](la-2013-02002f_0003){#fig2}

On the left in Figure [2](#fig2){ref-type="fig"} the adsorption isotherm for water on the silica nanoparticle is presented in comparison to the adsorption isotherm simulated by Puibasset and Pellenq^[@ref12]^ for a silica surface composed of different faces of the β-cristobalite crystal and experiments done by Chikazawa and co-workers^[@ref24],[@ref25]^ on nonporous amorphous silica 1.7 μm spheres. The silica plates treaded in ref ([@ref12]) had the highest hydroxyl density of 7/nm^2^ and thus show the largest amount of adsorbed water molecules among the displayed systems in Figure [2](#fig2){ref-type="fig"}. Only for relative humidities above 0.7 the simulated adsorption isotherm agrees with the experimental one measured for a hydroxyl density of 4.6/nm^2^, which is comparable with the OH density on the simulated particles. For low and intermediate relative humidity, however, the simulated adsorption isotherm lies above the experimental one and mostly coincides with the asorption isotherm measured for a hydroxyl density of 5.8/nm^2^. As already discussed in our last paper,^[@ref18]^ this could be an indication that the silica--water interactions are too strong in the Clay force field while the water--water interactions agree better with experiments. The strong increase in the amount of adsorbed water molecules at low relative humidity explains the large adhesion forces down to very low relative humidity which will be discussed later. For a hydroxyl density as low as 4.2/nm^2^ (not shown in Figure [2](#fig2){ref-type="fig"}), Puibasset and Pellenq^[@ref12]^ predicted a water adsorption on amorphous silica plates that starts as from a relative humidity of 0.2, whereas experiments of Fuji et al.^[@ref24]^ show that water already adsorbs strongly at very low relative humidity which was also confirmed by the current simulations.

To have more insight into the water--silica interaction, the isosteric heat of adsorption was calculated on the right in Figure [2](#fig2){ref-type="fig"} by use of the cross-fluctuations^[@ref12]^with *U* the potential energy contributions for the water--water and silica--water interactions, *N* the number of water molecules, *R* the ideal gas constant, and *T* the temperature. Within the statistical error of 15% the isosteric heat of adsorption for the amorphous nanosphere agrees well with the one calculated by Puibasset and Pellenq^[@ref12]^ for a Vycor pore and an amorphous surface represented by the superposition of different faces of cristobalite, both at an average silanol density of 7.0/nm^2^. The isosteric heat of the particle is in shape similar to the one for Vycor, characteristic for curved surfaces. When around one monolayer (16.5 μmol/m^2^) of water is adsorbed, which corresponds to a relative humidity of 0.85, the heat of adsorption becomes nearly equal to the heat of liquefaction of SPC bulk water of 10.5 kcal/mol given by the horizontal line on the right picture in Figure [2](#fig2){ref-type="fig"}. This indicates that the interaction with the silica surface has become negligible as soon as the silica surface is covered with water molecules. For very low relative humidity, on the other hand, the isosteric heat of adsorption for the nanosphere is at least 16 kcal/mol, i.e., well above the heat of liquefaction of SPC bulk water, which characterizes the strong hydrophilicity of the silica particle. Puibasset and Pellenq^[@ref12]^ have shown that for extremely low relative humidity amorphous surfaces can have considerably higher isosteric heat of adsorption than perfect crystal surfaces with comparable silanol density. They argued that in this case the hydrophilicity of the surface is not directly related to the silanol density but rather to locally very favorable arrangements of hydroxyl groups that can maximize the number of hydrogen bonds. On corrugated surfaces the water molecules can easier adsorb on highly energetic sites created by small hole-like defects. Besides surface curvature and defects real^[@ref18]^ amorphous surfaces consist of a considerable large number of low-membered siloxane rings. Bridging oxygens in low-membered rings show a high affinity to hydrogen bond to water molecules if they are close to destabilizing silanol groups. Those single hydrogen-bonded water molecules finally serve as adsorption centers for further water with rising humidity, which leads to the observed steep ascend of the adsorption isotherm in Figure [2](#fig2){ref-type="fig"} for very low relative humidity.

When two humid particles approach each other close enough, the adsorbed layers around the particles become instable due to the attractive surface forces, in addition, water from the atmosphere starts to condense into the gap between the particles, which finally leads to the formation of a connecting liquid bridge seen in Figure [3](#fig3){ref-type="fig"}. At every given particle separation the capillary neck between the particles grows in size over time until its curvature has decreased such that evaporation and condensation are in equilibrium. With decreasing particle distance the meniscus becomes broader and less elongated. At narrow gaps finally, water molecules are squeezed out between the particles, and the system cannot compensate for the loss of water molecules by forming a broader meniscus; the water content in the capillary then shrinks.

In Figure [3](#fig3){ref-type="fig"}, water number contour plots for silica nanoparticles exposed to air of 0.9 relative humidity are shown, where the water number is given by the sum of water molecules in small volume elements on the particle surface. The amount of adsorbed water molecules on the noninteracting particles according to the adsorption isotherm in Figure [2](#fig2){ref-type="fig"} gives 1.15 ML for a relative humidity of 0.9. As one can see, the water molecules are not equally distributed on the silica particle surfaces but concentrated on areas of high hydroxyl density. Even when 16.5 μmol/m^2^ is adsorbed, which corresponds to one monolayer of water, small hydrophobic domains on the surface stay free of water molecules while on hydrophilic regions the water molecules start to form a second layer.

In Figure [4](#fig4){ref-type="fig"}, the water meniscus is displayed for different relative humidities of 0.1, 0.5, and 0.9, all at the same particle--particle distance of 9 Å. At low relative humidity no meniscus is formed between the particles, at intermediate relative humidity the particles are bridged by single water molecules forming connecting chains, while at high relative humidity a continuous water meniscus is formed. The onset of capillary condensation at large particle separations is visible in the step in the mean forces acting between the humid particles in Figure [5](#fig5){ref-type="fig"} for high and intermediate relative humidity. The sudden increase in the attractive forces, resulting from the negative capillary pressure inside the meniscus, pulls the particles together. For small nanoparticles and especially for low relative humidity, one cannot strictly speak of a continuous capillary bridge, but rather of single hydrogen-bonded water chains linking the silanol groups at opposite particles to each other. For decreasing relative humidity the step in the onset of the mean forces at large distances thus disappears and becomes smooth as can be seen in the bottom image of Figure [5](#fig5){ref-type="fig"}.

![Sketch for the water capillary formation at 0.9 relative humidity for particle distances of 3.0, 7.0, 13.0, 15.0, and 21 Å. Shown are the water densities in small volume elements on the particle surface (the color code ranges from blue (no waters), to white (0.025/Å^3^), yellow (0.033/Å^3^), and red (0.04/Å^3^)). On the vertical axis the particle separation and on the horizontal axis the radial distance from the particle's centers of mass are displayed in Å.](la-2013-02002f_0004){#fig3}

![Influence of relative humidity on the size of the water capillary. The relative humidities are 0.1, 0.5, and 0.9 (from left to right), and the particle separation is 9 Å. Shown are the water densities in small volume elements on the particle surface (the color code ranges from blue (no waters) to white (0.025/Å^3^), yellow (0.033/Å^3^) and red (0.04/Å^3^)). On the vertical axis the particle separation and on the horizontal axis the radial distance from the particle's centers of mass are displayed in Å.](la-2013-02002f_0005){#fig4}

![Left: mean force split off into its contributions coming from the capillary and sphere--sphere interactions for 0.9, 0.5, and 0.1 relative humidity (from top to bottom). Right: number of water molecules adsorbed on the particles and in the liquid bridge. The line indicates the number of water molecules on isolated particles.](la-2013-02002f_0006){#fig5}

The mean forces in Figure [5](#fig5){ref-type="fig"} have been split off into their contributions origin from capillary and direct sphere--sphere interactions. The direct sphere--sphere interactions contribute only up to 7 Å to the total mean forces which are dominated by the capillary forces. The total interactions are of considerably longer range than the forces between dry particles. The range of the capillary forces increases with relative humidity, so for instance in Figure [5](#fig5){ref-type="fig"} the range is 11, 12, and 21 Å at 0.1, 0.5, and 0.9 relative humidity, respectively.

While for large particle separations the mean force is a smooth gently rising function, it exhibits strong oscillations when the surface distances come into the range of a few angstroms. The oscillations at close distances originate from the ordering of the water molecules in the gap between the approaching curved surfaces and show three distinct maxima, at separations of 3.0, 5.0, and 7.0 Å, which indicate water layers formed between the particles. The mean forces are less attractive here since it is not favorable for the particles to penetrate into the water layer. At the equilibrium distance of around 4.0 Å the particles are separated by a single water layer, at 6.0 Å by two water layers, and at 8.0 Å by three water layers, for instance (as we will discuss in detail later). With increasing relative humidity the mean forces become less attractive at small particle separations because of the increasing amount of water molecules which have to be accommodated between the particles. On the right in Figure [5](#fig5){ref-type="fig"} the number of adsorbed water molecules in dependence of particle distance and relative humidity is depicted, where the horizontal line in the plots indicates the adsorbed amount of water for isolated particles. As soon as capillary condensation sets in, the number of water molecules jumps due to the formation of a connecting water bridge. Moving the particles closer to each other, the meniscus (or for low relative humidity more and more shorter water chains span the gap between the particles) becomes broader, and the number of water molecules constantly rises until at a certain particle distance the removal of water molecules from the region between the particles cannot be compensated by a broadening of the water neck. At that separation the number of water molecules starts to decrease, as can be seen on the right in Figure [5](#fig5){ref-type="fig"}. This separation depends, like the range of the capillary forces, on the relative humidity. For low relative humidity it lies at around 4.0 Å, for intermediate at around 6.0 Å, and for high relative humidity at around 9.0 Å. In agreement with simulations of Shinto et al.,^[@ref10]^ the volume of the water bridge is changing with particle distance; thus, the constant volume approach used in many theories cannot be applied.

![Left: total mean forces for relative humidities between 0 and 0.95. Right: capillary forces for relative humidities between 0.05 and 0.95.](la-2013-02002f_0007){#fig6}

To discuss the force curves in dependence of relative humidity, total and capillary mean forces are summarized on the left and right in Figure [6](#fig6){ref-type="fig"}. As can be seen in Figure [5](#fig5){ref-type="fig"}, the capillary forces start to become repulsive with decreasing particle--particle distance at significantly lower distance values than the pure silica--silica forces; i.e., they are still attractive at distances smaller than the equilibrium distance of 4.2 Å for the pure silica--silica interaction. What can be followed from that is that humid particles can approach each other closer than dry ones. In the insets of Figure [6](#fig6){ref-type="fig"} one can see that the equilibrium distance of the particles is slightly shifted to smaller values for low and intermediate relative humidity in comparison to high relative humidity and dry particles. The increase of the equilibrium distance with rising relative humidity is intuitively clear because of the hydrophilicity of the silica particles which usually leads to good dispersion in water solution. All the forces in Figure [6](#fig6){ref-type="fig"} show the same trend, irrespective of the relative humidity the force maxima all lie at nearly the same distances of 3, 5, and 7 Å; the forces, however, shifted to higher values with rising relative humidity. The range of the forces becomes longer with increasing relative humidity. This behavior is in qualitative agreement with simulations of Shinto et al.^[@ref10]^ and Jang et al.^[@ref11]^

![Hydrogen bond network for 0.1 relative humidity at 2.0, 4.0, and 6.0 Å particle distance (from left to right).](la-2013-02002f_0008){#fig7}

The formation of water layers in the meniscus connecting the particles will be discussed in Figure [7](#fig7){ref-type="fig"}. For the system with 0.1 relative humidity one cannot strictly speak of a continuous meniscus but rather of hydrogen-bonded water chains that span the gap between the particles. At a larger distance of 6.0 Å (rightmost plot) water chains consisting of at least (because of the curvature) two water molecules connecting the surfaces by forming hydrogen bonds with silanol groups on opposite particles. Then those hydrogen bonds are broken by moving the particles closer together, squeezing out the water molecules from the region between the particles, visible in the decrease of the attractive forces at 5.0 Å in the bottom plot of Figure [5](#fig5){ref-type="fig"}. At the equilibrium distance close to 4.0 Å at least single water molecules link the particles together; at 2.0 Å finally the surfaces directly approach each other in the center of the contact area seen in the snapshot on the left in the same figure. The water molecules then form a circumventing ring around the particle contact.

For high relative humidity of 0.9 we analyzed the water layers in the meniscus and their correlation to the oscillations in the mean forces in a similar way as has been done by Kim et at.^[@ref17]^ To display the water density and the charge density close to the particles and in the water bridge in Figure [8](#fig8){ref-type="fig"}, the water molecules have been counted in volumes of cylinder rings centered around the particle--particle axis of width d*r* and height d*z* of 1 Å, where the density is then gained by dividing the number of water molecules or the sum of the charges by the cylinder ring volume. The densities are shown for particle separations of 4, 5, 6, 7, and 8 Å, corresponding to the minima and maxima of the capillary forces in Figure [5](#fig5){ref-type="fig"}. All the graphs in Figure [8](#fig8){ref-type="fig"} have in common that the water density is elevated with respect to the water bulk density of 0.033/Å^3^ near the surfaces of the particles, while in the interior of the water bridge the water density hardly deviates from the bulk one. This behavior could already be seen in the density profile on the right in Figure [1](#fig1){ref-type="fig"}. With increasing distance from the vertical axis *r* the number density decreases and vanishes where the cavity opens. For very narrow cavities as for the particle distance of 4 Å the density is zero for small *r* since a full water layer is not able to be formed in the gap between the particles. For the particle distance of 5 Å two density maxima lying close to 20.36 and 22.7 Å can be seen with a separation between them of 2.34 Å, which is slightly smaller than the water molecular diameter of 2.7 Å, indicating that a second water layer is not yet fully developed. At a distance of 6 Å the maxima lie at 21.6 and 24.3 Å with a difference that corresponds to a water molecular diameter. At 7 Å the maxima can be found at 21.5, 22.8, and 24.9 Å, indicating that a third layer in the middle of the capillary is not yet formed. At 8 Å finally the maxima are at 21.4, 23.6, and 26.23 Å with distance between the maxima of 2.2 and 2.5 Å, indicating the presence of a not yet fully developed third water layer. The charge density in Figure [8](#fig8){ref-type="fig"} can give information about the orientation of the water molecules in the water bridge. As can be seen the positively charged hydrogen atoms are preferentially orientated toward the particle surface while the oxygens point into the water bridge. For larger distances from the particles the charge distribution becomes nearly uniform, giving evidence that the water molecules adopt no special orientation with respect to the silica surface in the interior of the water meniscus.

![Water density plots (in 1/Å^3^) for 0.9 relative humidity at particle distances of 4.0, 5.0, 6.0, 7.0, and 8.0 Å. The rightmost plot in the second line shows the charge density (in e/Å^3^) for a distance of 8.0 Å. On the horizontal axis the particle separation and on the vertical axis the radial distance from the particle's centers of mass are displayed in Å.](la-2013-02002f_0009){#fig8}

Experimentally, the adhesion forces between particles can be determined by atomic force microscopy measurements. The so-called pull-off or adhesion forces are given by the global minimum in the mean forces and correspond to the force dedicated to separate two humid silica particles from their pull-off distance. The pull-off distance gives the location of the global force minimum, so for instance in Figure [5](#fig5){ref-type="fig"} it is at 8 Å for high, at 6 Å for intermediate, and at 5 Å for low relative humidity, where the pull-off distances for total and capillary forces do not necessarily coincide. The pull-off forces at different water coverage can be seen in Table [3](#tbl3){ref-type="other"} and Figure [9](#fig9){ref-type="fig"}.

![Total and capillary pull-off forces for relative humidities between 0 and 1.](la-2013-02002f_0010){#fig9}

The forces in Figure [9](#fig9){ref-type="fig"} are normalized with respect to the particle radius *R* = 20 Å and compared with the Laplace-pressure contribution to the forces in the limit of very small meniscus radius^[@ref40]^with γ = 73 mN/m the water-vapor surface tension and θ = 30° the contact angle of water on silica. It assumes an adhesion force that is independent of the relative humidity and a particle radius that is much larger than the radius of the mensicus. For a particle radius of 20 Å this is hardly fulfilled. That the adhesion force of nano-sized particles is not independent of humidity has been shown by AFM measurements^[@ref26]^ as well as by more advanced macroscopic theories.^[@ref1],[@ref6],[@ref40]^ Equation [3](#eq3){ref-type="disp-formula"} states therefore a crude estimation for the capillary forces and thus conventionally only serves as convergence limit, indicated by the horizontal line, for the adhesion force at high relative humidity. At 0.95 relative humidity the pull-off force, however, falls below this limiting value, which could be caused by the known underestimation of the water surface tension by the SPC water model.

The normalization of the pull-off forces with respect to *R* is conventionally done in experiments to make the forces independent of particle size. This works fine when the particle radius is at least in the range of several 100 nm;^[@ref6]^ for smaller particles, however, the pull-off forces are still size dependent even after normalization. So, for instance, normalized water-capillary forces calculated by Pakarinen et al.^[@ref6]^ applying a macroscopic model for smooth nanoparticles of different sizes have shown that with decreasing radius the maximum of the pull-off force curve is shifted to lower values and lower relative humidity.

In Figure [9](#fig9){ref-type="fig"}, the total and the capillary part of the pull-off forces are displayed in dependence of the relative humidity. Both curves run through a flat maximum between 0.1 and 0.8 relative humidity, exhibiting smaller pull-off forces for nearly dry and very humid particles. Contact adhesion measurements of Wan et al.^[@ref22]^ gave surface energies between wetted silica plates which are nearly constant over the whole range of investigated relative humidities between 0.05 and 0.95. The surface energy they found was 105 mJ/m^2^, which corresponds to an adhesion force between curved surfaces of 990 mN/m applying the Derjaguin equation 2*F*/*R* = 3πγ, where this approximation relates the surface energy γ between deformable flat surfaces to the forces between spherical particles separated by the same surface to surface distance. Moreover, surface energies for amorphous silica surfaces simulated in a former publication^[@ref18]^ varied between 82 and 100 mJ/m^2^ (which translates to particle forces between 772 and 942 mN/m) for relative humidities between 0.8 and 0.3, respectively, which agrees reasonably well with the force values in Figure [9](#fig9){ref-type="fig"}.

Moreover, with respect to principal shape and maximum value of the force--humidity curve good agreement in comparison to AFM experiments and macroscopic theories was achieved. AFM measurements of a silicon nitride tip on a silica wafer under ambient conditions^[@ref3]^ gave a force--humidity curve with a steep maximum of 820 mN/m around 0.7 relative humidity. Moreover, Butt^[@ref2]^ calculated water capillary forces for rough microspheres at zero separation and contact angle with a maximum of around 820 mN/m at very high relative humdity, by describing the roughness of 5 Å by a rectangular asperity distribution. Also, Pakarinen et al.^[@ref6]^ got water capillary forces running through a maximum of 720 mN/m at 0.8 relative humidity applying their model to a hydrophilic smooth 15 nm sphere at a distance of 3 Å from a smooth hydrophilic wall. All those force values lie in the same range as the pull-off forces in Table [3](#tbl3){ref-type="other"} and Figure [9](#fig9){ref-type="fig"}, certainly with their maximum at different relative humidity than the current simulations suggest.

One may, however, not forget to mention that there are AFM measurements that predict a complete different shape of the force--humidity curve for silica surfaces. So for instance AFM measurements executed by Rabinovich et al.^[@ref1]^ for silica microspheres on a rough silica surface of root-mean-square roughness of 2.2 Å showed a continuous increase of the adhesion force ending in a broad plateau of around 650 mN/m between 0.4 and 0.8 relative humidity; even somewhat smaller maximum adhesion forces have been measured between humid hydrophilic silica nanospheres by Paajaninen et al.^[@ref26]^ Moreover, for relative humidities lower than 0.2 the capillary force vanished completely in those experiments in contradiction to our simulations. Furthermore, adhesion forces measured by Fuji et al.^[@ref24]^ between silica microspheres of varying silanol density (hydrophilicity) gave a completely different shape of the force curve which did not exhibit a maximum or a plateau at a certain relative humidity but instead increased monotonically having a similar shape as the adsorption isotherm in Figure [2](#fig2){ref-type="fig"}.

What can be followed from the aforesaid is that the adhesion force can either increase monotonically, remain relatively constant by encountering a plateau, or run through a maximum with changing relative humidity even on very similar surfaces or particles from the same batch of a nearly monodisperse powder. Besides the chemical heterogeneity of the surface which can lead to variations in the energy of adhesion in dependence of which regions on the two particle surfaces are in direct contact, the roughness has been suggested as cause for the variation. The reason why a force plateau or a maximum in the adhesion force is established with respect to the relative humidity was investigated by molecular dynamic simulations of Jang et al.^[@ref11]^ They changed the hydrophilicity of the tip by varrying its chemical composition and showed that for weakly hydrophilic tips on strongly hydrophilic surfaces the adhesion force is nearly zero for low relative humidity and steadily rises with increasing humidity forming a plateau, while for high hydrophilicity the capillary force is already observable at very low relative humidity and becomes a nonmonotonic function of humidity where the maximum in the adhesion force moves to lower relative humidity. This was also confirmed by simulations with nanoparticles on planes by Shinto et al.^[@ref10]^

Fashchi-Tabrizi et al.^[@ref3]^ and Pakarinen et al.^[@ref6]^ have shown that moreover, particle size and tip geometry can explain the ambiguity in the shape of the force--humidity curves. Fashchi-Tabrizi et al.^[@ref3]^ tried to reproduce the different shapes of force--humidity curves which they gained from AFM measurements for a silicon nitride tip on a silicon wafer, on a mica surface, and on an iron particle under ambient conditions, by systematically studying the influence of variations in particle size, roughness, and tip geometry in their theoretical model.

They showed that the curve for a perfectly smooth large sphere on a smooth surface (or a second smooth sphere) is nearly flat down to very low relative humidity, while for very high relative humidity it slowly descends. Only if some surface roughness is included into the model^[@ref2]^ the force--humidity curve gradually decreases for low humidity exhibiting a force maximum, where the region of zero-capillary force increases with higher surface roughness. Besides the surface roughness also the particle size has an effect on the formation of a force maximum. Pakarinen et al.^[@ref6]^ showed that a maximum in the force curve calculated for hydrophilic nanoparticles can be observed only as from a certain particle radius downward and that it moves to lower relative humidity with decreasing radius. Finally, it was shown by Pakarinen et al.^[@ref6]^ and Fashchi-Tabrizi et al.^[@ref3]^ that the particle shape has a major influence on the force--humidity curve. The increase of the adhesion force with relative humidity found by Fuji et al.^[@ref24]^ for instance could be explained by the use of a cone-like instead of a sphere-like tip.^[@ref3],[@ref6]^

To summarize the above, the agreement with AFM meansurements and theoretical predictions is good as far as the principal shape of the force--humidity curve and the value of its maximum are concerned.^[@ref3],[@ref6]^ The discrepancies in comparison to some experiments^[@ref1],[@ref24],[@ref26]^ could be attributed to differences in the hydrophilicity (in terms of surface roughness or chemistry) or geometry between the investigated sample in the lab and simulations. Moreover, it is a size effect since with smaller particle size the maximum of the adhesion force moves to lower relative humidity and lower values^[@ref4],[@ref6]^ and the region of zero capillary force at low relative humidity shrinks.

###### Calculated Total and Capillary Pull-Off Forces \[mN/m\]

  rH          dry   0.02   0.05   0.1   0.15   0.2   0.35   0.5   0.7   0.8   0.9   0.95
  ----------- ----- ------ ------ ----- ------ ----- ------ ----- ----- ----- ----- ------
  total       320   687    760    840   800    860   850    860   820   850   620   420
  capillary   0     443    640    700   690    750   760    780   750   740   570   420

Conclusion {#sec4}
==========

Adsorption isotherms calculated for silica nanoparticles were nearly in perfect agreement with experiments of Fuji et al.^[@ref24]^ at high relative humidity, while for low relative humidity the amount of adsorped water molecules was considerably higher than in the experiments. This could be attributed to an overestimation of the silica--water interations in the Clay force field. The isosteric heat of adsorption adopts high values for very low humidity, in agreement with other simulations^[@ref12]^ which cannot be explained in dependence of the hydroxyl density, but by surface defects and the presence of low membered siloxane rings typically found on amorphous surfaces which create energetically favorable sites for the adsorption of water molecules which serve as adorption centers for further water with rising relative humidity. Thus, the adsorption isotherm of amorphous surfaces can show a nonzero amount of adsorbed water, even at lower relative pressures than necessary for the water adsorption on perfect crystalline surfaces of comparable OH density. With rising number of adsorbed water molecules the isosteric heat of adsorption decreases, since more and more water molecules hydrogen bind to adsorbed water molecules and not directly to hydroxyls on the silica surface. When around one full monolayer of water covers the particle surface, the heat of adsorption is thus close to the heat of liquefaction of bulk water.

When two particles approach each other close enough to enable capillary condensation, a water bridge is formed between the particles which causes an additional attractive force to the van der Waals interactions. In agreement with other simulations,^[@ref10],[@ref11]^ the capillary force becomes longer ranged but gentler in slope with higher humidity and shows oscillations for very small particle distances indicating the layering of water molecules in the interparticle gap. The volume of water in the capillary is not constant as assumed by many theories. It slowly rises with the onset of capillary condensation, runs through a maximum, and finally decays when the broadening of the water bridge with decreasing distance cannot compensate for the number of squeezed out water molecules. For small nanoparticles one cannot speak of a continuous water mensicus but rather of hydrogen-bonded water chains that connect the particles.

The pure silica--silica interactions between dry particles are of considerable shorter range, weaker in magnitude and stronger repulsive at very close contact than the capillary forces. It is thus not surprising that particles under humid conditions can approach each other closer. Moreover, the presence of water has the effect that the particles are much more tightly bound to each other than the same particles in perfect vacuum. Only for very high relative humidity the water layers lead to weaker attractive interactions at close particle approach such that the equilibrium distance shifts to bigger values, which is characteristic for strongly hydrophilic particles in solution.

The forces needed to detach two particles from contact are called pull-off forces, and their strength depends on the relative humidity of the air. Simulated force--humidity curves exhibit a broad maximum at intermediate relative humidities and decrease for very low and high relative humidities. What can be followed by that is that the flowability of nanosilica powders is best for very dry air or in solution, while for low and intermediate relative humidity the particles tend to cluster, which hampers the flowability. As has been demonstrated by Pakarinen et al.^[@ref6]^ and Farshchi-Tabrizi et al.,^[@ref3]^ the observed shape of the simulated force--humidity curve is characteristic for atomistically rough, strongly hydrophilic sphere-shaped bodies. A lower hydrophilicity would shift the force maximum to higher relative humidity or replace it by a force plateau. Moreover, the appearance of a maximum is also a size effect, where an existing maximum moves to lower relative humidity with decreasing particle radius. Regardless of the location of the force maximum and the exact shape of the force--humidity curve many experiments and theories are in reasonable good agreement with our simulated force--humidity curves giving maxima of around 850 mN/m (750 mN/m for the capillary part alone). At very high relative humidity, however, the pull-off force is underestimated by the SPC water model.
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